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This study investigates injection well clogging at low injection rates (<0.38 m3/ 
min or 100 gpm) through laboratory column experiments and geochemical 
analyses.  Clogging in recharge wells is a major concern for aquifer storage and 
recovery (ASR) systems. Many of the current methods used to predict injection 
well clogging assume a higher injection rate.  These methods may not 
adequately identify the clogging processes occurring at low flow rates.    
An ongoing project at the Kansas Geological Survey (KGS) investigates a low-
cost, slow flow alternative to traditional ASR recharge systems.  The project 
utilizes gravity-induced recharge and small diameter wells installed with direct-
push technology to recharge and store ground water.  The KGS ASR recharge 
system will have significantly lower injection rates than traditional ASR wells 
due to increased frictional losses in small-diameter wells and the absence of 
injection pumps.   
To examine clogging processes at low flow rates, laboratory columns packed 
with sand and gravel cores, taken from the Pleistocene Belleville formation 
during direct-push well installation at the Lower Republican River field site, 
were used for clogging experiments.  Changes in geochemistry and hydraulic 
conductivity were monitored in three column sets running at flow rates of 1 
m/day, 2 m/day, and 3 m/day, for seventeen days. Each set contains one 
column each of native aquifer water and one column of treated surface water, 
respectively. 
Hydraulic conductivity for all columns in this experiment increased above 
initial levels by at least one order of magnitude.  Columns with the highest 
pumping speed had the greatest increase in hydraulic conductivity, suggesting 
sufficient pressure existed to mobilize clay particles and remove them from the 
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columns.  Experimental results and geochemical analyses indicate clay 
dispersion is the primary factor influencing hydraulic conductivity changes at 
the Republic ASR site.  Observations of biofilm in effluent tubing suggest 
bacterial clogging of medium and low flow treated surface water columns, but 
bacterial abundance was not quantified in this study.  Further understanding 
of clogging factors at low flow rates will aid in the selection of the most 
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Chapter 1: Introduction 
 
As ground water levels and municipal budgets decrease, creative solutions for 
supplementing water resources are becoming more critical than ever.  Aquifer 
storage and recovery (ASR) is one solution that has been implemented 
successfully in many areas around the world (Ziegler et al., 1999; Brown et al., 
2004; Arthur et al., 2005; Kumar et al., 2006); however, the cost involved with 
the installation and operation of traditional large-scale ASR projects, using 
either surface infiltration or large-diameter well injection, may be out of reach 
for many small municipalities (Pyne, 1995).  An ongoing project at the Kansas 
Geological Survey (KGS) investigates a low-cost alternative to traditional ASR 
recharge systems by utilizing gravity-induced recharge and a number of small-
diameter wells, installed with direct-push (DP) technology, to recharge and 
store ground water in a near-surface Lower Republican River Valley aquifer.  
The proposed system has the potential to extend the availability of ASR to 
individual agricultural producers, small municipalities, and to aquifers with 
small storage capacities worldwide. 
Feasibility of the new system is dependent upon the efficient transfer of surface 
water to the subsurface.  Clogging is a major concern in many ASR systems, 
with the potential to severely impact system efficiency in a matter of days to 
weeks (Oberdorfer and Peterson, 1985; Bichara, 1988; Pyne, 1995; Baveye et 
al., 1998).  Increased frictional losses in small-diameter wells coupled with the 
absence of injection pumps (gravity-induced recharge) will result in 
significantly lower injection rates than typical in the proposed KGS ASR 
system; however, few studies have examined injection well clogging at low 
infiltration rates.  This study examines the predominant cause of clogging at 
low injection rates to inform future projects interested in clogging mitigation of 




Ground Water Resources and ASR 
With US population projected to increase by 2.4 – 2.5 million per year until 
2030 and western states bearing the brunt of the current population increase 
in recent years (U.S. Census Bureau, 2012, 2014), innovative technologies may 
be required to provide water for an ever-expanding population.  Though the 
majority of the U.S. population receives water from large municipal systems 
using surface water as their primary water source, ground water is the main 
water source for 73.5% of small community water systems in the US (U.S. 
Environmental Protection Agency, 2009).   
If ground water supplies are depleted, small community water systems must 
capture and treat surface water or purchase water from a nearby community to 
meet water demand. Consequently, ground water rights are a contentious issue 
in many western states, where water demand is high and supplies are low (e.g. 
Schlager, 2006; Schlager and Heikkila, 2011).  Furthermore, for regions 
designated as water scarce or water stressed, large spatial and temporal 
variations in water availability exist (Jury and Vaux, 2005; Oki and Kanae, 
2006; Wada et al., 2010; Scanlon et al., 2012).  For example, since the 1950’s, 
the High Plains aquifer supply has decreased by 8%, but 1/3 of the decrease 
occurred in only 4% of the total aquifer area (Scanlon et al., 2012). 
Capturing and storing water through ASR systems is a proven way to meet 
spatial and temporal availability challenges by buffering seasonal infiltration 
fluctuations, minimizing evaporative losses and providing storage in close 
proximity to major water users (Bloetscher et al., 2004; Jury and Vaux, 2005; 
Schlager, 2006).  Successful ASR systems are found throughout the US, 
Canada, Australia, Europe, the Middle East, Asia, and Africa (e.g. Rebhun and 
Schwarz, 1968; Harpaz, 1971; Connorton and McIntosh, 1994; Pyne, 1995; 
Han, 2003; Kumar et al., 2006; Dillon et al., 2009). 
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While ASR systems are more cost effective than other water storage 
alternatives, large initial investments of time and money must be made for 
infrastructure.  Traditional artificial recharge methods require drilling injection 
wells, creating pumping facilities, and constructing large recharge basins or 
trenches (Pyne, 1995).  For example, implementation of a large-scale ASR 
system near Wichita, in south-central Kansas, successfully captured excess 
surface water to increase ground water supplies in the Equus Beds aquifer at a 
projected total cost of $500 million (Ziegler et al., 1999; Office of the Federal 
Register, 2009).  For many water stressed areas in the world, the infrastructure 
costs for ASR systems are too high and are not offset by hydrological benefits 
(Jury and Vaux, 2005; Kumar et al., 2006). 
 
Clogging and ASR 
When pore spaces clog during artificial recharge, hydraulic conductivity 
decreases and system productivity declines.  If clogging is rapid, the injection 
well must be redeveloped frequently, resulting in productivity declines that add 
to the overall cost of the ASR project.  In general, wells tend to clog faster than 
infiltration basins, with wells clogging on a scale of days to weeks, and basins 
clogging on a scale of months to years (Olsthoorn, 1982; Greskowiak et al., 
2005).   
Clogging rates vary considerably with site geology, ground water geochemistry, 
infiltration method, injection water chemistry, and microbial activity (Schippers 
et al., 1995; Ziegler et al., 1999; Pavelic et al., 2007).  Sources of injection well 
clogging are generally divided into three groups: physical, biological, and 
chemical, but groups seldom act independently in a system (Olsthoorn, 1982; 
Huisman and Olsthoorn, 1983; Bichara, 1986; Baveye et al., 1998; Rinck-





The most common cause of physical clogging of recharge wells occurs when 
colloids and suspended solids are filtered out of injected waters by the aquifer 
material.  Thus, physical clogging is primarily influenced by water quality, and 
more specifically the shape, size, composition and concentration of particles in 
recharge water (Bichara, 1986; Pavelic et al., 2007).  Particle filtration can lead 
to rapid K reductions, making physical clogging the chief concern for most 
artificial recharge systems (Rinck-Pfeiffer et al., 2000; Rinck-Pfeiffer et al., 
2002; Pavelic et al., 2011).  Olsthoorn (1982) observed injection rate increases 
provide more particles to the system per unit time, thus speeding the clogging 
process.  Low injection rates will supply less suspended solids to the system 
per unit time and may decrease the speed of physical clogging in low rate 
infiltration systems.   
  
Biological clogging 
Biological clogging is generally a secondary concern in artificial recharge 
systems (Pyne, 1995). However, biological clogging, as a general term, 
encompasses many different components that are very difficult to characterize 
and measure.  Free flowing bacteria act as particulates, clogging pores in a 
manner similar to physical clogging by suspended particles, while the growth of 
attached bacterial colonies and their extracellular polymeric substances (EPS) 
fill pore spaces (Huisman and Olsthoorn, 1983; Baveye et al., 1998).  Biofilm 
formation and growth is dependent upon nutrient availability, pH, 
temperature, mechanical and shear stresses, substrate surface area, osmotic 
pressure, and the presence of metabolic inhibitors (Characklis, 1981; Or et al., 





Chemical clogging occurs as insoluble deposits precipitate from solution or as 
clays swell and disperse (Olsthoorn, 1982).  Chemical clogging occurs in mixing 
areas as waters of differing geochemistry undergo chemical reactions during 
artificial recharge (Huisman and Olsthoorn, 1983).  If chemical reactions near 
the injection well dissolve aquifer materials or disperse clays, K will increase 
near the well bore, but may decrease further along the flow path as minerals 
precipitate and clays resettle (Olsthoorn, 1982).  Geochemical analysis of 
recharge water, ground water and aquifer material along with geochemical 
modeling accurately predict the potential for chemical clogging in most 
recharge scenarios (Pyne, 1995).   
 
Recharge well comparison 
When compared to traditionally drilled, large diameter wells, DP well 
installation is inexpensive and quick, with 3-4 shallow (<30m) wells installed 
per day.  DP well installation consists of large hydraulic hammers driving small 
diameter (<10cm) steel rods through soils and unconsolidated materials until 
the desired depth is reached (typically less than 30 m).  Substrate is removed 
from inside the rods (coring) or pushed aside (no coring), and a plastic well 
casing and screen is lowered into the space.   
Unlike traditional wells, DP wells typically do not have a surrounding gravel 
pack.  Clogging in both DP and traditional recharge wells occurs in the aquifer 
(Olsthoorn, 1982). Without a gravel pack to assist particle filtration, more 
suspended solids will reach the aquifer material in DP wells (Schippers et al., 
1995).  However, wells without a gravel pack are easier to redevelop once 





Chapter 2: Materials and Methods 
 
Study Area 
The Lower Republican River (LRR) basin is located approximately two miles 
east of the Republic River in Republic County, Kansas (Figure 1).  Core samples 
of the unconfined Belleville aquifer show pronounced heterogeneity in the 
subsurface.  LRR basin lithology is generally composed of medium to coarse 
quartz sand, gravel, and occasional silt lenses, all of Pleistocene glaciofluvial 
origin (Byrne and Beck, 1950).  The water table in this area exhibits a gradient 
of 0.95 meters per kilometer (Hansen, 1998). 
 
Figure 1.  Map of the study area near Republic, in Republic County, Kansas 
with topographic map (10 ft. contour interval) and aerial photograph (Wing, 





This investigation (Figures 2-3) loosely follows the experimental methods of 
Rinck-Pfeiffer et al. (2000; 2002).  Sediment cores recovered from DP well 
installation at the Republic site were frozen and stored prior to column 
assembly.  Cores were cut into 13 cm sections and pushed directly into six 
polycarbonate columns (4.5 cm internal diameter and 13 cm length) to 
minimize porosity disturbances. A series of nylon mesh screens were placed 
under the top and bottom column end caps to support and retain the aquifer 
material, and diffuse influent water across the entire column area.  Threaded 
nylon fittings wrapped with Teflon tape and stuffed with fiberglass minimized 
leakage at ports and retained aquifer material inside the column.  Following 
assembly, the columns were triple wrapped in aluminum foil to eliminate 
photoautotrophic growth within the columns. 
 




           
Figure 3.  Photograph of column setup (a) unwrapped column filled with 
aquifer material from the Republic site (b) all six wrapped columns during on 
day 6 of the experiment. 
 
To saturate aquifer material, a peristaltic pump slowly pushed ground water, 
obtained from a stock well 50 meters southeast of the installed DP well, into 
the columns for 48 hours.  Columns were then allowed to sit, undisturbed, for 
24 hours to incubate the aquifer material.  After the incubation period, the 
peristaltic pumps were differentiated into pumping speeds of low (0.44 
mL/min), medium (1.46 mL/min), and high (2.06 mL/min) rates.  These 
pumping rates correspond to Darcy velocities of 1 m/day, 3 m/day, and 5 
m/day respectively.   
Three columns, one at each pumping rate, were injected with native ground 
water from the Republic ASR site.  Three separate columns, also with one 
column at each pumping rate, were injected with treated surface water from 
the City of Lawrence Kaw River Water Treatment Plant.  Thus, each column is 
injected with a unique combination of pumping speed and source water 




Table 1.  Experimental column groupings. 
 
After 12 hours of pumping, initial measurements of the hydraulic head 
difference between two sampling ports (∆h) and effluent discharge (Q) were 
measured for each column.  A Fisher Scientific Traceable manometer (days 1-9) 
and Dwyer Series 490 wet/wet handheld digital manometer (days 10-17) were 
used to measure ∆h in each column. Hydraulic conductivity (K) calculations 
were made using Darcy’s Law:  
     [1] 
where A is the cross sectional area of the column, and ∆l is the length between 
sampling ports. 
Column flow continued for seventeen days (between 121 and 565 pore 
volumes, see Table 2) based on observations from other injection well clogging 
studies, where the most severe clogs formed between 5 and 15 days (e.g., 
Okubo and Matsumoto, 1979; Rinck-Pfeiffer et al., 2000; Greskowiak et al., 
2005).  Influent and effluent waters from each column were monitored daily for 
temperature, and pH.  Waters were also sampled on the first day of the 
experimental run, and every third day thereafter for cation, anion, alkalinity, 




Rate               
(Darcian velocity)
Clogging Process Tested
1 High: 4-5 m/day
2 Medium: 2-3 m/day
3 Low >1 m/day
4 High: 4-5 m/day
5 Medium: 2-3 m/day












analysis were filtered through a 0.45µm filter.  Cation samples were also 
acidified to a 2% nitric acid solution. 
Table 2.  Column measurements and pore volume calculations. 
 
 
Failure of the Fisher Scientific Traceable manometer early in the experiment 
provided unreliable K values for the first nine days.  Initial K measurements 
were estimated using the Umwelt-Monitoring-Systeme (UMS) KSAT system.  
Three core samples from the Republic ASR site were packed into a KSAT 
sample ring, and fully saturated with tap water.  The KSAT system records 
volumetric water flux and hydraulic head over time during a falling head 
permeameter test to calculate the saturated K. Each core sample was 
measured in triplicate and averaged to obtain initial K values. 
 
Analyses and Data Processing 
Measurements of dissolved fluoride, chloride, nitrate as nitrogen and sulfate 
were conducted on a Dionex 4000i ion chromatograph with detection limits of 
0.01 ppm for all anions except fluoride, which has a detection limit of 0.1 ppm.  
A Parkin Elmer Optima 5300DV ICP-OES was used to measure dissolved 
calcium, magnesium, potassium, sodium, iron, silica and aluminum at KGS 
laboratories with detection limits of 0.01, 0.002, 0.01, 0.01, 0.005, 0.03 and 
0.01 ppm respectively.  Alkalinity, reported as bicarbonate, was measured by 
both automated titration using a Fisher Auto Titrator 390 with pH electrode 
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Determinations of turbidity were made on an Orbecco-Hellige digital direct 
reading turbidimeter.  
The resultant data set was used for geochemical modeling in PHREEQC to 
calculate ionic strength and saturation indices (SI) of calcite, quartz, and iron 
hydroxides (Parkhurst and Appelo, 1999).  Saturation indices indicate whether 
the water was saturated or undersaturated with respect to the minerals in 
question, and indicate whether mineral precipitation or dissolution could 
occur. Iron concentrations for both treated surface water and ground water 
were below ICP-OES detection limits; thus it was not possible to calculate iron 
hydroxide saturation indices.   PHREEQC was also used to simulate the mixing 
of ground water and treated surface water.  
Clay dispersion was estimated by calculations of sodium adsorption ratio 
(SAR): 
    [2] 
and sodium percentage (SP): 
   [3] 
where all concentrations are expressed as milliequivalents per liter.  SAR 
values less than 6 – 4, and SP values less than 50% correlate with low levels of 





Chapter 3: Results 
 
Measured K values varied between 1.0*10-5 cm/sec and 3.6*10-3 cm/sec 
(Figure 4).  Full data tables for this experiment are found in Error! Reference 
source not found. (Appendix I).  All final K values were higher than the initial 
K measured by the UMS KSAT system. High injection rate columns resulted in 
the highest final K values.  Medium and low rate treated surface water columns 
stabilized before day nine, and no additional K increases were observed.  In 
contrast, K continued to increase in the ground water columns at all injection 
rates.  The final K measurement of column #1 was one order of magnitude 
higher than all other treated surface water columns.  Despite this, column #1 




Figure 4. Generalized hydraulic conductivity results from all three 
experimental columns, see Table 1.  Points at day nine and day seventeen are 
calculated by averaging the three nearest K values.  Initial K values for all 
columns were measured with repacked core in the UMS KSAT system. 
  












Generalized hydraulic conductivity values
Estimated initial
K values
1 - Surface Fast
2 - Surface Med.
3 - Surface Slow
4 - GW
 Fast






Specific conductance, mineral saturation indices, and SAR and SP values 
varied between the treated surface water and ground water (Table 3); however 
these measures did not vary significantly between influent and effluent water 
samples for each column.  The treated surface water is a moderately 
conductive (972.1 µS/cm) sodium chloride water slightly undersaturated with 
respect to both calcite (SI = -0.40) and quartz (SI = -0.24) (Table 3).  Calculated 
SAR and SP values for influent surface water are 3.84 and 61.4% respectively. 
The ground water is a less conductive (222.9 µS/cm) calcium bicarbonate 
water near equilibrium (slightly oversaturated) with respect to quartz (SI = 
0.43), but undersaturated with respect to calcite (SI = -1.40).  Calculated SAR 
and SP values for influent ground water are 0.32 and 16.6% respectively.  The 
modeled 1:1 mixture of surface and ground water is an intermediately 
conducitve (588.4 µS/cm) sodium bicarbonate water undersaturated with 
respect to calcite (SI = -0.92), and slightly oversaturated with respect to quartz 
(SI = 0.22).  Calculated SAR and SP values for mixed water are 2.39 and 53.8 
respectively. 
All columns produced cloudy effluent throughout the experiment, with the 
effluent from column #6 exhibiting the most pronounced cloudiness.  Pink 
biofilm observed in effluent and influent tubing of columns 2, 3 and 6, indicate 
biological metabolism.  Pink biofilm completely clogged effluent tubes of 
column #3 on day 10 and 14.  Replacement of effluent tubes was necessary to 
reestablish water flow for discharge measurements.  Pink biofilm was observed 
only in the influent and effluent tubing and was not visible in the column 
material itself. 
Frequent episodes of leaking, peristaltic pump failure and tubing malfunctions 
produced spikes and dips in K measurements (Figure 7).  Column leaks 
became so severe in column #7 on day 11 that removal and replacement of the 




Figure 5.  Stiff diagrams showing the composition of ground water, treated 
surface water and a simulated equal mixture of both waters. 
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Table 3.  Water properties of initial treated surface water, initial ground water 











Calcite SI -0.40 -0.92 -1.40
Quartz SI -0.24 0.22 0.43
pH 7.70 7.34 7.10
Conductivity 
(μS/cm) 959.2 588.4 222.9
TDS (ppm) 479.6 294.2 111.5
Temp (ºC) 20.0 20.1 20.1
HCO3- (ppm) 76 67 57
Al (ppm) 0.01 0.01 0.01
Ca (ppm) 38 26 15
Cl (ppm) 150 78 1.6
F (ppm) 0.9 0.5 0.1
K (ppm) 10 8 5
Mg (ppm) 5.3 4.4 3.6
NO3-N (ppm) 0.40 1.4 2.5
Na (ppm) 95 50 5.3
SO4 (ppm) 100 54 7.1
Si (ppm) 3.1 4.1 14
SAR 3.8 2.4 0.32
SP (%) 61 54 17
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Chapter 4: Discussion 
 
Contrary to expectations, an increase in K was observed in all six columns.  
However, final K values show a clear differentiation between both influent 
water type and injection speed.  Final K values for high rate columns are all 
higher than low rate columns, and the two lowest rate treated surface water 
columns have the lowest final K values of the experiment.  Due to variations in 
packing technique, the initial K measurement, conducted with the UMS KSAT 
system, may provide a lower value than the true initial K.  The UMS KSAT 
system uses a column much larger in diameter than the collected DP core.  To 
load the UMS KSAT column, sediment had to be removed and repacked prior to 
testing. This could account for some of the observed increase in K. 
Different clogging processes affected ground and surface water columns.  
Similar rates of K increase for ground water columns at all pumping speeds 
suggest the same processes are acting on all three columns.  These columns 
represent the influence of physical and, to a lesser degree, biological, change 
over time, since geochemistry remained unchanged.  In contrast, treated 
surface water columns were influenced by all three potential clogging sources 
(physical, chemical and biological).  Steady K values, SP calculations and 
observations of biological activity in effluent tubing suggest clay swelling and 
biological clogging in columns #2 and #3 (surface water, medium and low flow 
rates) are sufficient to offset the K increases observed in columns #4-6 (ground 




As mentioned previously, columns #1 and #4, pumping at the highest rate, 
displayed the largest K increase for each water type.  Thus, physical movement 
of suspended solids and rearrangement of aquifer material due to pumping 
pressure are likely responsible for increasing K in ground water columns.  
Aquifer clays and suspended solids in these columns were subjected to the 
greatest pressure and were likely removed from the column at a higher rate.  
While K increased due to the removal of aquifer material in 13 cm length 
columns, there is no guarantee the entrained particles will stay suspended.  
More particles suspended initially mean more particles are available to settle 
out further in the aquifer, leading to a decrease in K down the flow path. 
Geochemical analyses of water samples indicate treated surface water is more 
mineralized with respect to ground water (Figure 5).  Both treated surface water 
and ground water are undersaturated with respect to calcite, suggesting K 
reductions due to calcite precipitation are not a concern at this site.  If calcite 
is present in the aquifer, surface water infiltration could increase hydraulic 
conductivity by dissolving calcite.  Although ground water is slightly 
oversaturated with respect to quartz, when ground water is mixed with treated 
surface water, the mixture is closer to equilibrium with respect to quartz.  
Stable concentrations of major ions in the influent and effluent waters 
throughout the experiment suggest no large precipitation or dissolution 
occurred within the columns.   
Treated surface water SAR and SP calculations indicate a geochemical potential 
for clay dispersion.  While SAR levels are below 4, they fall within the upper 
limit of acceptable SAR values.  SP values are well above 50%, indicating a high 
potential for clay dispersion (Figure 6).  PHREEQC simulation of groundwater 
mixing shows a rapid SP increase in the initial mixing stages.  With only a 
mixture of 20% surface water in ground water, SP increases from 16.6% (in 
ground water) to 41.2% (in the mixed water).  Since surface water has a SP 
value of 61.4%, this SP increase with a small mixture of surface water accounts 
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for 55% of the total possible SP increase as surface water mixes with ground 
water (see Table 5 in Appendix I). 
Biological activity was observed in the two low speed columns and the medium 
speed treated surface water column (#2, #3 and #6).  Since the K increases 
were smallest in these three columns, biological activity at lower flow rates 
likely negatively affected K. Although biofilm was observed during this 
experiment, quantification of the biological influence on clogging was not 
conducted in this study and should be investigated in further studies.  Luckily, 
of the three types of clogging to affect recharge wells, biological is by far the 
easiest to remediate (Huisman and Olsthoorn, 1983; Pyne, 1995).   
 
Figure 6.  SAR and SP values from PHREEQC simulated mixing of surface 
water with ground water. 
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Cloudy effluent and high SP values in column experiments suggest dispersion 
and mobilization of clay particles is possible at the Republic ASR study area.  
While clay dispersion increased K in the 13 cm length columns, dispersed clay 
particles in the field may settle, accumulate and reduce K further in the aquifer 
than can be simulated with this experiment.  Future field experiments at the 
Republic site should be aware that clogging through the swelling and 
dispersing clays may offset any reductions in physical clogging due to low 
infiltration rates.  Thus, clogging prediction methods that examine only 
physical or biological sources and neglect chemical analysis of potential clay 
dispersion may provide an inaccurate assessment of clogging potential. 
The most common methods to predict clogging in recharge wells are membrane 
filtration index (MFI) tests, and assimilable organic carbon (AOC) 
measurements (Schippers et al., 1995; Dillon et al., 2001; Bouwer, 2002), and 
numerical and analytical models (Vandevivere et al., 1995; Baveye et al., 1998; 
Seki and Miyazaki, 2001; Ebigbo et al., 2012) do not account for clay 
dispersion.  MFI tests examine K reduction when physical clogging is the 
primary source of clog formation.  The method, proposed by Schippers and 
Verdouw (1980), uses a 0.45µm filter and high flow rate to examine the 
clogging potential of a particular water sample. To measure AOC, bacteria are 
plated, incubated with the water sample, and growth is measured.  Results are 
then compared to growth in acetate solutions of known carbon content 
(Bouwer, 2002).  Finally, several numerical models exist to predict recharge 
well clogging; however, many of these models focus on a single process (e.g., 
Vandevivere et al., 1995; Seki and Miyazaki, 2001; Ebigbo et al., 2012) and 
require extensive empirical parameters that are difficult to measure (Baveye et 
al., 1998). 
Few studies exist with which to compare the results of this study.  Rinck-
Pfeiffer et al. (2000; 2002) observed a K increase on the tenth day of similar 
column experiments; however, these experiments utilized a sandy limestone 
core material permeated with reclaimed waste water.  In this instance, the 
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authors attributed K increases to calcite dissolution.  There is no evidence to 
suggest K increases in the present experiment are a result of mineral 
dissolution.  Hutchinson (1993) investigated traditional high flow injection well 
clogging at a field site with similar geology to the Republic ASR site, but did not 
observe K increases during the experiment. 
Existing injection well clogging experiments that examine multiple clogging 
mechanisms usually investigate clogging by injection of reclaimed waste water 
in limestone aquifers (e.g. Rinck-Pfeiffer et al., 2002).  Results of experiments 
using low flow injection in small-diameter wells at these sites will likely differ 
significantly from treated river water in an unconsolidated quartz sand and 
clay aquifer. Care must be taken when applying the results of this study to 
other slow-flow ASR sites.  The predominant process affecting K at the Republic 
ASR site is a factor of the site’s unique lithology, ground water chemistry, 
injection water chemistry and flow rate.  Thus, future slow-flow ASR projects 
need to consider the unique characteristics of the site to determine the 
dominant clogging process. 
Chapter 5: Conclusions 
 
Experimental results suggest hydraulic conductivity values are affected by 
injection rate.  Further experimentation is necessary to understand all of the 
variables influencing observed K changes.  In this experiment, K changes are 
dominated by mobilization of clay particles through geochemical and physical 
processes.   
Since all existing methods and models used to predict injection well clogging 
focus on a single clogging mechanism, selection of the best method to predict 
injection well clogging depends on the system’s primary clogging source: 
physical, biological or chemical.  While physical factors are assumed as the 
primary clogging mechanism in many injection wells, this experiment 
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highlights a situation where chemical and bacterial clogging are more 
significant.  This study demonstrates the need for a greater understanding of 
the predominant pore-scale interactions at low injection rates for different 
project sites. 
Chapter 6: Recommendations and Future Study 
 
Further study of the effect of physical, biological and chemical processes on 
clog formation would benefit further low injection rate ASR projects.  Future 
studies would greatly benefit from improved laboratory equipment for 
experimental success.  Of greatest importance are reliable peristaltic pumps, 
tubes connections and fittings able to withstand moderate pressures, and 
water-tight columns.  Pressure transducers inserted into column monitoring 
ports would minimize pressure disturbances, and provide more reliable data. 
Future studies should include mineralogical investigations via X-ray diffraction 
of aquifer material and measurement of total suspended solids (TSS) to identify 
swelling clays and soluble aquifer material. TSS should be measured via 
membrane filtration methods, such as MFI, to determine TSS of influent and 
effluent waters. TSS measurements will also allow correlations between TSS 
concentration and K reduction over time.  It is worth noting, MFI is not enough 
to predict clogging potential when biological clogging is prominent (Schippers et 
al., 1995).  Also, modifications on the MFI method use high flow rates 
comparable to expected pumping rates in traditional injection wells, or higher, 
to simulate physical clogging processes (Hutchinson, 1993; Schippers et al., 
1995; Dillon et al., 2001).  Methods utilizing high flow rates to characterize 
clogging rates may not accurately represent clogging mechanisms at low 
infiltration rates. 
Air entrainment (also considered a physical clogging mechanism) occurs when 
free falling water entraps gas bubbles or when water pressure drops below 
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atmospheric pressure and degassing occurs (Olsthoorn, 1982).  As the gas 
bubbles are pushed into the aquifer, they clog pore throats and reduce K.  
However, air entrainment is of greatest concern when injection rates and 
injection pressures are high, and should not be a concern for future slow-flow 
experiments. 
The contribution of bacterial colonies and their surrounding EPS, together 
termed biofilm, to K reduction is particularly difficult to quantify.  Some 
measures of biomass quantify bacterial colonies through metabolic activity, but 
do not take into account dead microbes and EPS (Gerlach and Cunningham, 
2011). Since EPS are not metabolically active, and contribute a large portion of 
overall biofilm volume for some bacteria, procedures that focus on metabolic 
measurements may underestimate bacterial clogging potential (Vandevivere 
and Baveye, 1992; Wu et al., 1997; Pinkart et al., 2002; Pavelic et al., 2011). 
Additionally, bacterial abundances may change with depth below the water 
table (Roudnew et al., 2012).  The combination of all these factors make 
assessments of bacterial clogging at sites with differing ground water 
compositions, lithology, and recharge water compositions extremely difficult. In 
several studies, fluid flow rate is tied to bacterial growth in saturated porous 
media.  Characklis (1981) and Okubo and Matsumoto (1979) both show lower 
infiltration rates result in more complete bacterial nutrient removal.  Rinck-
Pfeiffer et al. (2002) observed bacterial colonies located deeper within 
experimental columns and more pronounced biological clogging at low flow 
rates. Furthermore, limits on bacterial growth by fluid shear stresses are 
minimized by low flow rates (Taylor and Jaffé, 1990; Pavelic et al., 2011). 
To assess bacterial influences on injection well clogging, future studies should 
monitor chlorine concentration, as well as AOC and dissolved oxygen levels for 
both influent and effluent waters to investigate the influence of biological 
activity.  AOC measurements indicate the potential for bacterial growth given 
no shear stresses acting on the system and unlimited time to process 
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nutrients.  The aqueous environment formed at low injection rates more 
accurately represents the environment in which AOC is measured 
Field study of injection well clogging would allow comparison with experimental 
results.   Future field investigations should monitor changes in specific 
capacity and injection well pressure over time; however, subsurface 
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Appendix II .  Hydraulic Conductivity Graphs 
 
 
Figure 7.  Hydraulic conductivity measurements for both ground water and 
surface water columns, day 3 through day 17 
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Figure 8.  Hydraulic conductivity measurements for surface water columns, 
day 3 through day 17 
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Figure 9.  Hydraulic conductivity measurements for ground water columns, 
day 3 through day 17 
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